Is life a common outcome of physical and chemical processes in the universe?
Within our own solar system, a successful search for even primitive life, were it to have an origin independent from life on Earth, would dramatically advance a positive answer (1) . The most stringent test for a second independent origin of life would come from examination of either the most physically remote from Earth, or the most exotic type, of planetary environments in which one might plausibly imagine a form of life could exist.
In this paper I argue that Saturn's moon Titan is the best such target in our solar system.
Further, Titan might be a type example of a planetary environment abundant throughout the cosmos.
The truncated Drake equation
The Copernican revolution of the 15 th through 17 th centuries moved the Earth squarely away from the center of the universe and fostered a cosmology in which every aspect of the Earth and solar system was, or was predicted to be, a common facet of the cosmos (2) . This "Copernican" assumption about the Universe is confirmed in every step upward in spatial scale, from planetary systems to galaxies to clusters of galaxies to large-scale cosmic structures. Where it seems to fail at present is in comprehending the nature of the Universe relative to other putative "universes"; modern cosmology has difficulty explaining the particular values of fundamental constants and what appears to be a particularly improbable set of starting conditions for the cosmos (3). Thus, while the spirit of Copernicanism was extended to biology in the 19 th century through the gradually developing understanding that cellular processes work on the same physical and chemical principles as nonliving matter, it could not be applied automatically to the union of the biological and astronomical sciences: that is, to the "astrobiological" question of whether life is common in the cosmos (4) .
The problem of our own unique versus common cosmic status as an intelligent and technological life form is symbolized in the Drake equation, first formulated almost 50 years ago (5) . The equation expresses the number of observable extraterrestrial civilizations in our Milky Way Galaxy as equal to R x f p x n e x f l x f i x f c x L, where R is the rate of formation of suitable stars (it is sufficient to assume those similar in mass and composition to the Sun) in our galaxy, f p the fraction of stars with planets, n e the average number of such planetary systems with a habitable, or life-sustaining, environment, f l the fraction of habitable planets on which life actually forms, f i the fraction of those lifebearing planets with intelligent life, f c the fraction of those intelligence-bearing planets with a civilization technically capable of transmitting signals, and L the average lifetime of such a civilization. From the point of view of "astrobiological Copernicanism"-whether life itself is a common cosmic phenomenon-it is enough to consider a "truncated Drake equation" of the first four terms only, multiplied by the duration of time over which a planet remains habitable. This is the number of life-bearing planets in the Galaxy.
Much of 20 th century astronomy not concerned with cosmology was devoted to establishing the first term in the Drake equation, while the other terms remained speculative. In 1996 it became possible to survey widely for, and detect, planets around other stars. It is now known that approximately 10% or more of stars that are similar to the Sun in their "spectral class" (chemical composition and mass) have planets, though up until 2009 planets the size of Earth could not be detected (6) . As of this writing, NASA's
Kepler mission has begun a survey that will fully address the second, and partly address the third, term of the Drake equation by surveying for planets the size of our own world, and slightly smaller, around stars of the same spectral class as the Sun. Once completed,
should the statistical occurrence of Earth-sized "exoplanets" be high enough, the next step would be to build spaceborne devices sufficiently sensitive to directly study any Earth-sized planets that might be present around the nearest stars to our solar system, detect their atmospheres, and measure their masses (7) . Such facilities, however, ambitious, are potentially feasible in the coming two decades and would more fully quantify the third term in the Drake equation.
What remains unquantified in the truncated Drake equation, then, is the frequency of habitable planets that actually host life-or did at one time. Although it is often tacitly assumed that if a planet is habitable it hosts life, this is a Copernican assumption.
Because the origin of life on Earth is not yet understood in terms of a specific set of chemical steps that led from abiotic organic chemistry to biochemistry, one cannot claim to know the robustness of such a process given variations in planetary environmental conditions-or even under no variation whatsoever from conditions on the Earth before life began. And we will not get the answer from studying Earth-sized planets around other stars, when that becomes feasible: the kinds of spectral signatures available from exoplanets will be either ambiguous in telling us that life exists, or too subtle for even spaceborne systems that plausibly might be built in the coming decades. Life from Earth (or Mars, for that matter) could arrive at Europa via hypervelocity impacts; terrestrial bacterial spores are known to last sufficiently long to survive such transfer (18) and the subsequent impact (19) . The greater distance of Europa relative to Mars, and the high velocities of impact thanks to Jupiter's gravity, make survival of hitchhiking organisms less likely but not impossible (20) .
The biggest challenge to detecting life on Europa is accessibility. It is generally assumed now that direct sampling would be of organisms preserved in the ice crust rather than in the ocean itself, which would be inaccessible to available or plausible technologies even were it only hundreds of meters thick, well below the geophysical estimates which range from a few to tens of kilometers thickness (21) . However, this assumes that organisms would be preserved in a recoverable fashion, and that the ice layers where such organisms exist would be cycled near enough to the surface to be sampled without being so close that the prodigious particle radiation would destroy the organic remains. Even so, delivery and operation of a vehicle designed for the surface of Europa, given the intense particle radiation flux from the Jovian magnetosphere, would be a challenge.
Enceladus:
In some ways potentially a miniature Europa, this small icy moon of Saturn emits active plumes of material containing water ice, ammonia and a host of organic molecules measured by the Cassini Saturn orbiter (22) . Enceladus is also the major source of Saturn's E-ring; some of the ice particles within that ring contain sodium (23) interior.
Titan: The second-largest moon in the solar system, Titan has a nitrogen-rich atmosphere four times denser at its surface than Earth's (24), a wealth of organic molecules in the atmosphere and on the surface (dominated in the atmosphere by methane) (25) , and a "hydrologic cycle" in which methane is the main working fluid (26) . Titan as a model for the most common "habitable planet"
The conclusion of the previous section was admittedly provocative-but only because we know of only one kind of life, that which exists in liquid water on a planet orbiting 1 astronomical unit (150 million miles) from a so-called G-dwarf star, our Sun. The most common type of stable star in the cosmos is not the G-dwarf-a star like the Sun-but the much less massive "M", or red dwarf. M dwarfs are long-lived and, because they range from 1/10 to ½ the mass of the Sun, are much less luminous than our home star. A typical M dwarf is so much less bright than the Sun (36) that a planet with stable liquid water on its surface would have to orbit roughly 0.1 AU from the brightest M dwarfs-ten times closer than the Earth is to the Sun. Many large planets have been found around other stars at such close orbital distances (indeed they are easier to detect with current techniques), and so it would seem there should be no problem with imagining a plenitude of Earth-like habitable worlds in tight orbits around the universe's most common type of star.
However, the close proximity (0.1 AU and inward) of a planet to an M dwarf raises a host of problems. Such planets are tidally locked to their parent star, presenting only one face to the source of free energy needed for life, are exposed to intense flares and stellar winds leading to loss of atmosphere (37) , and may lack an amount of water sufficient to sustain a hydrosphere by virtue of having formed so close to the star (38) .
Whether these effects rule out life is unknown, but they certainly create complications in trying to use a simple definition of orbital distance to define a habitable, Earth-like environment-one on whose surface liquid water is stable-for M dwarfs. An Earthsized body, even with adequate water, orbiting at 0.1 AU from an M dwarf will not have an environment resembling that on our home world.
Conditions at 1 AU-the Earth-Sun distance-from an M dwarf are much less severe and hence more favorable for a stable environment on a planet. A planet at 1 AU from an M dwarf can rotate decoupled from its orbital motion, as does the Earth, evening out the flux of light from the parent star. Flares and stellar winds at 1 AU from an M dwarf would present no more threat to a putative planet than we face from the comparable phenomena emitted from the Sun.
Because M dwarfs are so much less bright than the Sun, the same physics that dictates a world with stable liquid water must be only 0.1 AU from an M dwarf parent says that at 1 AU from such a star should be a planet like Titan: at that distance the light from the red dwarf is so faint as to maintain liquid methane and ethane on a planet's surface, but not liquid water. And because M dwarfs outnumber G-dwarfs by a factor of between ten and a hundred, one can conclude that this situation-a Titan-like world at 1 AU-may be far and away the more common cosmic situation than our own. returning data from the air and the surface (39) . Replicating this mission in the high northern latitudes, in one of the great seas of Titan, with a probe instrumented to detect life, is eminently feasible. To cover large areas of Titan's diverse surface, a more ambitious hot air balloon whose buoyancy is maintained by the waste heat of the vehicle's power source has been carefully studied by US and European space agencies (40) , and by private entrepreneurs such as Julian Nott; it would be a kind of floating rover taking full advantage of Titan's dense atmosphere and benign environment (figure 3).
Earth, or it could be a giant planet like Saturn or Jupiter. An Earth-mass body at 1 AU from an M dwarf the age of the Sun could have very different surface properties from Titan, because the contribution of geothermal energy to surface heating will be more significant than for Titan, though declining progressively with time. And that such a planet in the epoch of its formation could garner sufficient methane from a primordial disk around an M dwarf to create large-scale lakes and seas is only a plausible supposition. I do not mean to minimize such complications, but their proper treatment would require a treatise vastly longer than this work.
Designing experiments to detect life in an alien environment constitutes a rich field of research unto itself (41) . It is sufficient here to point out that a series of elemental, chemical and isotopic tests, coupled with an imaging microscope to examine the lake material, would be required to assess whether organic chemistry in the methaneethane medium is being mediated in a sophisticated way indicative of life (42) . At the same time, given the difficulty in searching for terrestrial-type life in exotic environments, the challenge of finding an exotic form of life in an alien environment cannot be minimized.
Conclusion
Titan has been ranked by a minority of astrobiologists as the highest priority place to go search for life in our solar system, both for the potential to find exotic life that inarguably had an independent origin from us, and the relative ease of operation on 
